Monte Carlo simulations of the electron distribution function in the channel of metal-oxide field-effect transistors show a tail with an effective temperature approaching the lattice temperature. This behavior was found not only when carriers are injected in thermal equilibrium with the lattice, but also for injection of monoenergetic carriers. The onedimensional solution for both cases in the relaxation approximation is reported. The results give a quantitative explanation of why and how the tail effective temperature is due to the finite energy that the electric field can supply to the carriers on their way from source to drain.
(Received 4 March 1991; accepted for publication 4 June 1991) Monte Carlo simulations of the electron distribution function in the channel of metal-oxide field-effect transistors show a tail with an effective temperature approaching the lattice temperature. This behavior was found not only when carriers are injected in thermal equilibrium with the lattice, but also for injection of monoenergetic carriers. The onedimensional solution for both cases in the relaxation approximation is reported. The results give a quantitative explanation of why and how the tail effective temperature is due to the finite energy that the electric field can supply to the carriers on their way from source to drain.
An important issue in research on metal-oxide fieldeffect transistors (MOSFETs) is to determine the carrier distribution function in the device channel. This distribution, and particularly its tail of hot carriers, is strongly related to device degradation phenomena. Monte Carlo simulations of n-MOSFETs have shown that the electron distribution function in the channel is not Maxwellian. If the distribution is computed on a sufficiently large energy range, a tail with an effective temperature approaching the lattice temperature is observed.lm3 TQ my knowledge, no clear cut physical explanation of this feature has been so far reported. In order to understand such a behavior, many researchers have performed Monte Carlo simulations of this transport problem assuming simple initial conditions, such as injection of monoenergetic electrons.3 Surprisingly, all these simulations lead to the same conclusion: The tail of hot carriers has an effective temperature equal to the lattice temperature.
The presence of the thermal tail was shown by Mahan in a solution of the one-dimensional Boltzmann transport equation, but no physical interpretation was given.4 He studied the distribution function of electrons injected at x = 0 with a Maxwell-Boltzmann distribution at the lattice temperature, and then drifting under a constant electric field F. The distribution function for x > 0 has an effective temperature T, up to a certain value of energy EC, at which its slope changes and the effective temperature reverts back to the lattice temperatures.5 Monte Carlo simulations of such a simple problem showed that EC is almost equal to the drop of the electron potential energy between the injection point and x.~ The complex formalism of the analytical results had thus far prevented the understanding of the effect. It is shown that the solution in a simple relaxation approximation makes it possible to gain a better insight into the underlying physics. This letter highlights why and how the change of the effective temperature is due to the finite energy qFx supplied by the electric field to the carriers moving from the injection point to x. The intriguing link between the asymptotic value of the effective temperature and the energy cutoff is clarified both in the case of carriers injected in thermal equilibrium with the lattice and for injection of monoenergetic carriers.
Let us consider a steady-state flow of carriers injected at x=0, with a generic velocity distribution fi,( v) in the constant electric field F(x) = -F for x > 0. In the following we assume a constant relaxation mean free path il. The carrier distribution function f(x,u) at a distance x from the injection point is the solution of the Boltzmann transport equation:
where m* is the carrier effective mass, 7 = /z/u; u>O, and fo(u) =Cexp( -m*v2/2kT). In order to solve Eq. (l), it is convenient to write u in terms of the corresponding energy E, taking into account the direction of the carrier motion. Therefore, the distribution f(x,E) should be written as f _ (x,E) + f + (x,E), where f _ (x,E) and f + (x,E) represent left moving and right moving carriers, respectively. This problem can be solved by numerical integration of the coupled differential equations obtained for f + (x,E) and f _ (x,E). However, the essential features of the distribution computed by Monte Carlo simulators are also present in solutions obtained neglecting backscattering.4V6 Therefore, I assume in the following that the injected carriers always move to the right If-(x,E) =O]. From Eq. (1) follows:
The solution of Eq. (2), integrated with F(x) = -F for x > 0 and initial condition f (0,E) = f,,( E), can be written as:
The physical meaning of this solution is quite evident. The first term is a replica of the initial distribution. It represents "lucky carriers" that escape all the relaxation G; ' events, thus gaining the energy qFx from the electric field. Their escape probability is exp( -X/I%). The second term in the right-hand side of Eq. (3) is due to nonballistic carriers that have already felt the presence of the lattice. Note that this contribution is a convolution integral of f@) (the Maxwell-Boltzmann distribution at the lattice temperature) and h(x,E), which is given by (Fig. 1): h(x,E) =i exp #-A where 1 (x) is the unity step function.
The peculiar structure of the second term suggests a simple physical interpretation. Two processes are superposed: (i) the thermalization of the injected carriers that is expressed by the presence of fo(E) and (ii) the heating action of the electric field, which is represented by h (x,E). The area of h(x,E) is [ 1 -exp( -x/A)], which is the fraction of nonballistic carriers at x. Note that this term is not dependent on the initial condition. The occurence off,(E) means that the nonballistic carriers can be considered as injected in equilibrium with the lattice. This picture is not accurate in the region very close to the injection point, where the distribution of the nonballistic carriers should be significantly dependent on the initial distribution fin(E). This is inherent in the relaxation approximation: the carriers forget their initial energy in a single relaxation event, so that it is not surprising that the nonballistic distribution is always proportional to fc( E). Anyhow, after a few mean free paths from the injection point the nonballistic carriers have forgotten the injection condition, and their distribution can be accurately described by the second term of Eq. (3). Figure 2 shows the distribution function computed at different distances from the injection point when all the carriers are injected with a Maxwell-Boltzmann distribution at the lattice temperature, f&Z), in an electric field F = 100 kV/cm with ;1= 350 A. The dashed line is the asymptotic electron temperature T, of 4100 K. The general behavior is similar to that reported by Mahan The distribution changes its slope at E=qFx and beyond this energy the effective temperature is equal to the lattice temperature. In this solution the ballistic and the nonballistic con- tributions can be easily identified. The dashed area represents the ballistic carriers. They give a contribution with the same shape offe(E), starting from qFx and attenuated by the probability factor exp( -x//l). The discontinuity at E=qFx is exactly equal tof&O)exp( -x//t). Note that the contribution due to the nonballistic carriers also has an effective temperature equal to the lattice temperature. It can be easily verified that the ratio between the ballistic and nonballistic components in the tail is approximately given by TJT. Therefore, in this case the tail is mainly due to carriers that retain memory of the initial distribution.
Let us now consider the injection of carriers with energy Einj in the same electric field [f,,(E) = S(E -Einj)]. Figure 3 shows the distribution function computed 0.2 pm away from the injection point. The ballistic contribution is now a delta function and the thermal tail has no contribution from the initial condition. The tail is due to the heating action of the electric field on the nonballistic carriers. The thermal tail of the nonballistic component can be explained on the basis of the convolution integral in Eq. ( 3 ). As discussed above, these carriers can be considered as already injected in equilibrium with the lattice. In the electric field they gain energy, but the lattice drains a fraction of this energy by increasing the carrier energy loss. The function h(x,E) is exactly the probability for a carrier to gain a net energy E from these competitive actions (Fig.  1) . The fact that h( E,x) is zero for E> qFx does not mean that a carrier cannot increase its kinetic energy more than qFx. It means that the field can supply only the energy qFx. The extra energy is provided by the lattice and is balanced, on the ensemble average, by the energy lost from another carrier. Therefore, the heating action of the electric field modifies the distribution&(E) since, on the average, these carriers gain energy according to the probability h(x,E). This energy cannot be higher than qFx. It follows that the nonballistic carriers found at x with energy E comes from the interval of the equilibrium distribution between E -qFx and E. Due to the exponential shape of fo(E), the number of these carriers decreases with the same exponential dependence, exp( -E/kT), giving rise to a thermal tail.
In conclusion, based on a simple one-dimensional model, a physical interpretation of the thermal tail in the distribution function computed by Monte-Carlo simulators is given. The change of the effective temperature exactly at qFx had suggested that the finite energy supplied by the electric field plays a role in this feature. In this letter how and why this happens is shown. When the carriers are injected in equilibrium with the lattice, both the replica of the initial distribution and the nonballistic carriers contribute to the tail. In the case of monoenergetic carrier injection, the tail arises only from the nonballistic component. The author is deeply indebted to E. Sangiorgi for the discussion that triggered this work and to E. Gatti, G. Ripamonti, and M. V. Fischetti for helpful suggestions. This work was supported by CNR in the frame of the Project PF-MADESS and by MURST.
